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p21-activated kinases (PAKs) play an important role
in diverse cellular processes. Full activation of PAKs
requires autophosphorylation of a critical threonine/
serine located in the activation loop of the kinase
domain. Here we report crystal structures of the
phosphorylated and unphosphorylated PAK1 kinase
domain. The phosphorylated PAK1 kinase domain
has a conformation typical of all active protein
kinases. Interestingly, the structure of the unphos-
phorylated PAK1 kinase domain reveals an unusual
dimeric arrangement expected in an authentic
enzyme-substrate complex, in which the activation
loop of the putative ‘‘substrate’’ is projected into the
active site of the ‘‘enzyme.’’ The enzyme is bound to
AMP-PNP and has an active conformation, whereas
the substrate is empty and adopts an inactive confor-
mation. Thus, the structure of the asymmetric homo-
dimer mimics a trans-autophosphorylation complex,
and suggests that unphosphorylated PAK1 could
dynamically adopt both the active and inactive
conformations in solution.
INTRODUCTION
p21-activated kinases (PAKs) are serine/threonine protein
kinases defined by their interaction with the small G proteins
Cdc42 and Rac (Bokoch, 2003). PAKs play important roles in
diverse cellular processes, including cytoskeletal dynamics,
growth/apoptotic signal transduction throughmitogen-activated
protein kinases, and regulation of transcription factors (Arias-
Romero and Chernoff, 2008; Bokoch, 2003; Eswaran et al.,
2008; Zhao and Manser, 2005). In humans, the PAK family is
composed of six members that are classified into two sub-
groups, group I (PAK1–3) and group II (PAK4–6), based on
domain architecture and regulatory mechanisms. All PAKs
contain an N-terminal regulatory domain and a C-terminal kinase
domain. The regulatory domain of group I PAKs consists of
a GTPase-binding domain (GBD) and an overlapping inhibitory
segment. They are activated by the binding of active Cdc42
and Rac to the GBD, or through cleavage by caspases or serine
proteases (Buchwald et al., 2001; Lei et al., 2000; Martin et al.,
1995; Rudel and Bokoch, 1997; Walter et al., 1998; Yu et al.,1752 Structure 19, 1752–1761, December 7, 2011 ª2011 Elsevier Ltd1998). By contrast, group II PAKs lack a defined inhibitory
segment, and are active in the absence of small GTPases.
In group I PAKs, the inhibitory segment binds to the cleft
between the two lobes of the kinase domain and forces the
kinase domain to adopt an autoinhibited, inactive conformation
(Lei et al., 2000). Upon binding of active Cdc42 or Rac, this block
is released and several serine residues in the N-terminal region
and a single threonine located in the activation loop of the kinase
domain are phosphorylated in autocatalytic reactions. In the
kinase domain, phosphorylation of the unique threonine residue
(Thr423 in human PAK1 and Thr402 in human PAK2) is essential
for full catalytic activity. The phosphorylation of this threonine
residue has been shown to occur by an intermolecular mecha-
nism in which an active kinase trans-phosphorylates an inactive
kinase (Chong et al., 2001; Tuazon et al., 1998; Wu and Wang,
2003; Yang et al., 1987; Yu et al., 1998; Zenke et al., 1999).
Moreover, the PAK2 kinase domain was also able to catalyze
its own activation by phosphorylation at Thr402 in vitro, and
pretreatment of PAK2 with phosphatases had no effect on the
ability of PAK2 to autophosphorylate at Thr402 (Yang et al.,
1987; Yu et al., 1998). These observations suggested that the
unphosphorylated PAK2 kinase domain itself may have inherent
catalytic activity to trigger the autophosphorylation reaction.
Thus, some important questions to address are how the first
molecule of activated PAK is formed and what molecular
mechanism might be involved in the initiation of PAK autophos-
phorylation. Uncovering the answers would provide a better
understanding of the regulation of this important protein and
the signaling pathways in which it participates.
To understand themolecular mechanism for PAK1 autoactiva-
tion and to facilitate development of specific inhibitors, we have
now determined the crystal structures of the phosphorylated
PAK1 kinase domain alone and in its complex with MgATP, as
well as the unphosphorylated PAK1 kinase domain in complex
with a nonhydrolyzable ATP analog, AMP-PNP. The phosphory-
lated PAK1 kinase domain adopts a similar conformation to
that seen in all other active protein kinases. Interestingly, the
structure of the unphosphorylated PAK1 kinase domain reveals
an unusual dimeric arrangement expected in an authentic
enzyme-substrate complex, and suggests a mechanism for
dimerization-driven activation of PAK1 by trans-phosphoryla-
tion. The two kinase domains formed an asymmetric face-to-
face dimer in which one monomer (enzyme) is bound to
AMP-PNP and has an active conformation, whereas the other
monomer (substrate) is empty and adopts an inactive conforma-
tion. The activation loop of the putative ‘‘substrate’’ is projected
into the active site of the ‘‘enzyme.’’ Thus, the structure of theAll rights reserved
Figure 1. Structure of Phosphorylated PAK1 Kinase Domain
(A) Phosphorylation state of Thr423 in the activation loop of PAK1-KDK299R in the absence and presence of the catalytic subunit of protein phosphatase 1 (PP1a).
Upper row: phospho-Thr423 antibody detection; lower row: Coomassie blue staining.
(B) Dephosphorylation of PAK1-KDK299R by PP1a. The phosphorylation stoichiometry of PAK1 was determined to be close to 1 mol of phosphate/mol of
PAK1-KD.
(C) Ribbon diagram of PAK1-KDK299R. The N lobe is colored in light gray and the C lobe is in dark gray, with helix aC in red, the catalytic loop (residues 384–394)
in green, the activation loop (407–425) in blue, and the P+1 pocket (426–434) in marine. The phosphorylated Thr423 is shown as a cyan stick.
(D) The activation loop of PAK1-KDK299R. The Fo – Fc omit map (contoured at 3.0 s) clearly shows electron density for phospho-Thr423. Residues that participate
in an electrostatic network as described in the text are showed in stick formation.
See also Figure S1.
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Structural Insights into PAK Autoactivationasymmetric homodimer mimics a trans-autophosphorylation
complex, providing crystallographic evidence for the conjecture
that the activation loop within one unphosphorylated PAK
molecule could transiently adopt an active conformation such
that the activation loop from the other PAK molecule could bind
to the active site of the first one as its conventional substrate.
RESULTS
Structures of the Phosphorylated PAK1 Kinase Domain
To explore the molecular basis for autoactivation of PAK1, we
prepared a large amount of PAK1 kinase domain (PAK1-KD)
for crystallization. It has been shown that expression of wild-
type PAK1-KD is lethal to Escherichia coli, whereas a construct
of PAK1-KD with the ‘‘kinase-dead’’ mutation K299R (PAK1-
KDK299R) can conveniently be expressed in bacteria (Lei et al.,
2000). Surprisingly, we noticed that this PAK1-KD mutant has
basal activity toward exogenous substrates. To examine the
phosphorylation state of the enzyme used in crystallization,
the purified protein was subjected to western blot analysis
using specific phospho-PAK1(Thr423) antibodies. As shown in
Figure 1A, PAK1-KDK299R is phosphorylated homogeneously
on Thr423 (lane 1). This phosphorylated protein can be con-
verted to the unphosphorylated form by treatment with PP1a
(lane 2). We next quantitatively determined the stoichiometry of
PAK1-KDK299R phosphorylation by detecting the amount of inor-
ganic phosphate released from PAK1-KDK299R upon treatment
with PP1a. The amount of phosphate produced was monitored
continuously by a coupled enzyme procedure involving purine
nucleoside phosphorylase and its chromophoric substrate,
MTGuo (Killilea et al., 1998). As shown in Figure 1B, the PP1a-
catalyzed reaction was near 100% complete in 10 min, andStructure 19, 1752–17the phosphorylation stoichiometry of PAK1-KDK299R was deter-
mined to be close to 1 mol of phosphate/mol of PAK1-
KDK299R. Taken together, our results clearly demonstrate that
the purified PAK1-KDK299R had been fully phosphorylated during
the expression and purification processes.
The phosphorylated PAK1 kinase domain, PAK1-KDK299R,
was crystallized in space group C2221, with one molecule in
the asymmetric unit. The structure was solved by molecular
replacement using the atomic model of PAK1 kinase domain
(Protein Data Bank [PDB] ID code 1YHW) as a search model
with X-ray diffraction data to 1.8 A˚ resolution, and the structure
was refined to an overall Rfree value of 21.4% (Table 1). The
present model contains residues 250–542, with 271 waters (Fig-
ure 1C). Details of crystallization and structure determination are
reported in Experimental Procedures. The activation loop is
ordered, and the covalently bound phosphate is clearly visible
in the electron density (Figure 1D). The Thr423 phosphate
group donates three hydrogen bonds to Arg388 from the cata-
lytic loop and five direct or water-mediated hydrogen bonds to
two adjacent residues, Arg421 and Ser422. In addition, the
carbonyl group of Thr423 makes one highly conserved contact
with Tyr441 in the C lobe of the kinase domain. This hydrogen-
bond network links both ends of the activation loop, and
hence stabilizes the catalytically active conformation of PAK1.
Previously, Lei et al. (2005) reported two structures of PAK1
kinase domains. One is of the K299R mutant, as described
above, and another is a phosphomimetic mutant of PAK1-KD,
in which phosphorylation of the activation loop is mimicked by
replacing Thr423 with a glutamate. Our refined structure of
PAK1-KDK299R is nearly identical to those determined by Lei
et al. (2005). By reexamining the original electron density map
of their PAK1-KDK299R structure deposited in the PDB, we found61, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1753
Table 1. Statistics of Data Collection and Refinement
Nucleotide-Free
PAK1-KDK299R
ATP-Bound
PAK1-KDK299R
PAK1-
KDK299R/D389N
Data Collectiona
Space group C2221 C2221 P1211
Cell dimensions
a, b, c (A˚) 52.6, 103.1,
122.6
49.0, 103.6,
122.0
63.0, 80.0,
65.7
a, b, g () 90, 90, 90 90, 90, 90 90.0, 107.5,
90.0
Resolution (A˚) 50–1.80
(1.93–1.80)b
50–2.1
(2.16–2.1)
50–1.9
(1.95–1.9)
Total number
of reflections
121,655 227,815 179,036
Unique reflections 31,131 18,806 48,944
Number of
reflections used
29,477 18,764 48,798
Rmerge (%) 10.5 (52.5) 5.1 (21.4) 6.5 (35.2)
I/s (I) 15.4 (2.4) 48.2 (12.4) 20.0 (2.3)
Completeness (%) 99.9 (100) 99.7 (99.7) 97.8 (87.7)
Redundancy 3.9 (3.9) 12.1 (11.7) 3.7 (2.9)
Refinement
Resolution (A˚) 30.7–1.80
(1.86–1.80)
29.9–2.1
(2.2–2.1)
32.0–1.9
(1.92–1.9)
Rwork/Rfree (%) 18.8/21.4 17.8/22.3 18.4/23.1
B factors
Protein 27.9 39.6 63.3
Water 35.8 39.7 52.0
Rms deviations
Bond lengths (A˚) 0.014 0.007 0.009
Bond angles () 1.272 1.113 1.24
Ramachandran plot statistics
Favored (%) 97.2 97.2 97.3
Allowed (%) 100 100 100
a All data sets were collected from a single crystal.
b The highest-resolution shell is shown in parentheses.
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Structural Insights into PAK Autoactivationthat there is also a visible electron density that could be inter-
preted as a phosphate (see Figure S1 available online), suggest-
ing that the K299R mutant used in their study might also be fully
phosphorylated at Thr423.
It should be mentioned that numerous lines of evidence have
been reported that full-length PAK1(K299R) overexpressed
in eukaryotic cells is in the unphosphorylated state, even after
stimulation by activators (Bokoch et al., 1998; Fryer et al.,
2006; King et al., 2000). Therefore, it is possible that recombinant
K299R is fully autophosphorylated as an artifact of the artificially
high PAK1 concentration in overexpressing E. coli and would
not be phosphorylated in the context of the full-length protein
when expressed at more modest levels under physiological
conditions. All we intend to emphasize is that K299R used in
this study is in the phosphorylated ‘‘active’’ conformation.
Structure of PAK1-KDK299R in Complex with ATP
We next determined the X-ray crystal structure of MgATP-bound
PAK1-KDK299R at 2.1 A˚ resolution (Table 1). The complex of1754 Structure 19, 1752–1761, December 7, 2011 ª2011 Elsevier LtdPAK1-KDK299R bound to ATP was formed by soaking preexisting
crystals (see Experimental Procedures) with MgATP. The crystal
structure was solved by molecular replacement based on
PAK1-KDK299R. The model of the complex has been refined
with reasonable stereochemistry to an Rfree factor of 22.3% (Fig-
ure 2A; Table 1). The two structures of nucleotide-free and
ATP-bound PAK1-KDK299R are essentially identical, with small
differences confined to the conformation of the ATP-binding
pocket. The Fo  Fc omit map clearly shows density for an
ATP molecule, as well as density suggesting that Arg299 inter-
acts with bound ATP. The overall architecture of the ATP-binding
pocket closely resembles that of the ATP-bound state of TAO2,
a MAP3K closely related to PAKs (Figure 2B) (Zhou et al., 2004).
In spite of themutation at 299 from Lys to Arg, most of the critical
residues for phosphoryl transfer occupy similar positions and
adopt similar orientations as they do in TAO2. Many of the
ATP-binding interactions are identical to those observed in the
TAO2-ATP complex. The position of the triphosphate moiety,
however, is different in the PAK1 mutant as a result of direct
interactions with the guanidinium group of the mutated residue
Arg299 that is extended into the active-site cleft and is directly
ion paired with an a-phosphate oxygen. This interaction lifts
the ATP molecule in the middle and leads the C50 end of the
ribose moiety and the a- and b-phosphate groups to move
4 A˚ toward the N lobe, with the pentose ring tilting approxi-
mately 45 compared to the conformation of ATP bound to active
TAO2. In addition, as a result of the interaction between arginine
and ATP, Arg299 does not form an ion pair with Glu315, which is
observed for Lys57 in wild-type TAO2 and is important for kinase
activity (Huse and Kuriyan, 2002).
Using the synthetic peptide PAKtide as a substrate, we then
determined apparent kcat and Km values for PAK1-KD
K299R. At
a fixed concentration of ATP (1 mM), the initial rate gives rise
to a hyperbolic dependence on PAKtide concentration. Direct
curve fitting of the data to theMichaelis-Menten equation yielded
kcat(PAKtide) and Km(PAKtide) values of 0.020 ± 0.001 s
1 and
304.7 ± 17.0 mM, respectively. Similarly, at a fixed concentration
of PAKtide (200 mM), ATP hydrolysis by PAK1-KDK299R also
followed Michaelis-Menten kinetics. The values of kcat(ATP) and
Km(ATP) were determined to be 0.0088 ± 0.0002 s
1 and
272.2 ± 17.7 mM, respectively (Figure 2C). In comparison, both
Km(PAKtide) and Km(ATP) values were not significantly higher than
those of wild-type PAK1 (Table 2). On the other hand, kcat(PAKtide)
with PAKtide substrate was much lower for PAK1-KDK299R than
for wild-type PAK1, indicating that this lysine residue is essential
for efficient phosphoryl transfer reactions in PAK, but not for
substrate binding. Taking the structural differences together
with the kinetic data, it is clear that the introduction of the
K299R mutation severely alters the binding mode of MgATP,
which does not affect the affinity of the binding but rather the
position of the phosphates in the catalytical reaction, thus dras-
tically lowering the activity of the enzyme.
Structure of the Unphosphorylated PAK1 Kinase
Domain
Given that PAK1-KDK299R can be autophosphorylated during
protein expression and purification, we engineered a double
mutant by further replacing Asp389 with an asparagine, PAK1-
KDK299R/D389N. Western blotting confirmed that this doubleAll rights reserved
Figure 2. Structure of PAK1-KDK299R in Complex with ATP
(A) Schematic representation of ATP-bound PAK1-KDK299R. The activation segment, including the activation loop and P+1 pocket, is highlighted in yellow, and
MgATP is in cyan.
(B) The ATP-binding site of PAK1-KDK299R. The Fo – Fc omit map (contoured at 2.0 s) clearly shows electron density for ATP and Arg299. Residues that participate
in hydrophobic and electronic interaction as described in the text are showed in stick formation.
(C) Dependence of the initial velocity of the PAK1-KDK299R-catalyzed reaction on the concentration of ATP (B) and PAKtide (C). The reaction mixture contains
2 mMPAK1-KD in standard kinase assay buffer. Km for PAKtide was measured at 1 mM ATP, and Km for ATP was measured at 200 mMPAKtide. The lines are the
best-fitting results according to the Michaelis-Menten equation.
Table 2. Kinetic Parameters for PAK1-KDK299R and Wild-Type
Full-Length PAK1
PAK1-KDK299R PAK1
Km(PAKtide) (mM) 304.7 ± 17.0 525.84 ± 31.05
kcat(PAKtide) (s
1) 0.020 ± 0.001 25.17 ± 0.87
Km(ATP) (mM) 272.2 ± 17.7 84.93 ± 5.18
kcat(ATP) (s
1) 0.0088 ± 0.0002 5.10 ± 0.07
Kinetic parameters for PAK1-catalyzed PAKtide phosphorylation were
obtained at a fixed ATP concentration (1 mM), whereas those for ATP
catalyzing were determined in the presence of 200 mM PAKtide. The
initial velocity of the phosphorylation reaction was measured using a
coupled enzyme reaction as described in Experimental Procedures.
Errors for individual parameters were obtained from the nonlinear re-
gression fit of the data to the Michaelis-Menten equation.
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Structural Insights into PAK Autoactivationmutant was completely unphosphorylated when purified from
E. coli, and that it can be trans-phosphorylated in vitro by
PAK1-KDK299R (Figure 3A). The unphosphorylated PAK1-
KDK299R/D389N was then cocrystallized in complex with AMP-
PNP in the presence of Mg2+, and the structure was determined
at 1.9 A˚ resolution (Table 1). In contrast to PAK1-KDK299R, PAK1-
KDK299R/D389N crystallized as an unusual asymmetric dimer. The
two monomers in the asymmetric unit adopted distinct confor-
mations, and only one (monomer A) has bound AMP-PNP/
Mg2+ in the ATP-binding site (Figure 3B). Superposition of mono-
mer A onto the monomer B structure, ignoring AMP-PNP and
Mg2+, yields a protein backbone root-mean-square deviation
(rmsd) of 4.25 A˚ among all the Ca main-chain atoms. The two
lobes of monomer A are rotated toward one another by 20,
with the prominent helix aC shifting 7 A˚ inward, relative to the
orientation seen in monomer B (Figure 3C).
The asymmetric face-to-face dimer stabilized in the crystals
displayed several features expected in an authentic enzyme-
substrate complex. The conformation of monomer A closely
resembles that of the activated PAK1-KDK299R, and all 276 Ca
atoms of the two structures superpose well, with an rmsd of
1.23 A˚ (Figure S2). The activation loop is largely ordered and
has the conformation typical of all active protein kinases, albeit
it lacks a phosphothreonine (Figures 4A and 4D). The interac-
tions between the nonhydrolyzable nucleotide analog, AMP-
PNP, and monomer A are very similar to those made between
the bound ATP and the phosphorylated PAK1-KDK299R (Figures
4B and 4E). The P+1 pocket (426GTPYWMAPE434) in monomer A
is well formed to accept the substrate residues surrounding the
targeted serine or threonine (Figures 4C and 4F). In contrast,
monomer B adopts an ‘‘open’’ inactive conformation, as seen
in the crystal structure of PAK1-KD in complex with the inhibitory
segment (Figure S2) (Lei et al., 2000). The activation loop of
monomer B is partially visible in the electron density map, with
breaks at residues 409–417. The visible portion of the activation
loop is inserted into the active site of the ‘‘enzymatic’’ monomer
A, and the hydroxyl group of Thr423 is positioned near theStructure 19, 1752–17g-phosphoryl group of AMP-PNP (Figure 4G; Figure S3). The
structure of monomer B reveals that the ATP-binding site is
malformed and the active-site residues are significantly dis-
placed relative to their orientation in the active PAK1-KDK299R.
When an ATP molecule is modeled onto the binding site of
monomer B by using the structure of ATP-bound PAK1-
KDK299R, the adenyl group of the ATP molecule collides with
the bulky aromatic ring of Tyr346 (Figure 4H). The P+1 pocket
of monomer B is abolished because the tyrosine (Tyr429) inter-
acts through a water molecule with the conserved glutamate
(Glu456), and the tryptophan (Trp430) hydrogen bonds to the
carbonyl of Arg388 in the catalytic loop, influencing the confor-
mation there (Figure 4I). In the structure of active PAK1-
KDK299R, the side chain of Tyr429 rotates out to form two
hydrogen bonds with Leu465 and Glu467, and Trp430 directly
interacts with Glu456. This suggests that the activation mecha-
nism of PAK1 involves a specific switch in hydrogen-bonding
interactions to remodel the P+1 specificity pocket (Zhou et al.,
2004). Thus, the conformation of monomer B resembles a
putative protein ‘‘substrate,’’ and the specific asymmetry of the61, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1755
Figure 3. Structure of Unphosphorylated PAK1 Kinase Domain
(A) Trans-phosphorylation of PAK1-KDK299R/D389N by active GST-PAK1-KDK299R. The phosphorylation state of Thr423 in PAK1-KDK299R/D389N was analyzed by
western blotting (monitored by anti-pThr423 antibody; upper low), and the protein amounts of PAK1-KDK299R/D389N used were visualized by SDS-PAGE (lower
row).
(B) The overall structure of PAK1-KDK299R/D389N dimer within an asymmetric unit. Monomer A is shown in blue with the activation segment in marine, and
monomer B is in yellow with the activation segment in orange. MgAMP-PNP bound to monomer A and Thr423 of monomer B are highlighted in cyan.
(C) Superposition of two PAK1-KDK299R/D389N monomers. The N lobe of monomer A (blue) undergoes a nearly rigid 20 rotation about the long axis of the kinase
domain, and its activation segment (marine) differs greatly from that of monomer B (orange).
See also Figure S2.
Structure
Structural Insights into PAK AutoactivationPAK1-KD complex is consistent with distinct roles for the two
kinase molecules.
Structural Basis of PAK1 trans-Autoactivation
The buried interface between the two monomers of PAK1-
KDK299R/D389N is about 1,600 A˚2. Approximately half of this
interface area (800 A˚2) is buried by the intermolecular interac-
tions between the active site in monomer A and the activation
loop of monomer B, and the rest involves hydrophobic regions
in the vicinity of helices aG and aEF in the asymmetric dimer.
Earlier studies using synthetic peptides identified the motif
(K/R)RXS as favoring phosphorylation by PAK (Tuazon et al.,
1997). Shaw and coworkers confirmed this finding using an alter-
native approach employing degenerated peptide mixtures and
observed a strong bias for peptides containing arginine at the
P-2 position and lesser preference for arginine at the P-3 position
(where P-n indicates the amino acid n residues N-terminal to
the phosphorylated residue) (Zhu et al., 2005). In the structure
of the PAK1-KDK299R/D389N dimer, the phosphorylation site,
Thr423, in the activation loop of monomer B makes a direct
hydrogen bond with key residues Asn389 and Lys391 in mono-
mer A (corresponding to the conserved Asp166 and Lys168 in
PKA) and locates near the g-phosphate of AMP-PNP, as
observed in the PKA-ADP-substrate ternary complex (Adams,
2001) (Figure 5A; Figure S4). Two basic residues of monomer
B, Lys420 and Arg421, preceding the phosphorylation site
(corresponding to the P-3 and P-2 positions) are involved in
recognition of the acidic residues at the substrate-binding site
of monomer A (Figure 5B). Lys420 in monomer B interacts with1756 Structure 19, 1752–1761, December 7, 2011 ª2011 Elsevier Ltdthe main chains of residues 465–467 in monomer A. The other
basic residue, Arg421, in monomer B makes four hydrogen
bonds or ionic contacts with Ser392, Asp393, and Glu456, three
residues of the large lobe of monomer A. Additional interactions
around the substrate-binding site included hydrophobic
contacts between Lys420 and Arg421 in monomer B and
Tyr429, Trp430, and Leu465 inmonomer A. The structural results
have thus provided direct evidence for the critical roles of both
Asp393 and Glu456 in determining strong Arg preference at
P-2 (Zhu et al., 2005). The features of the interaction were further
confirmed by mutagenesis analyses. Substitution of Asp393
by an Ala on PAK1-KDK299R protein completely prevented
Thr423 autophosphorylation in the activation loop. PAK1-
KDK299R with the S392A and E456L mutations, albeit autophos-
phorylated when expressed recombinantly in E. coli, has only
5% and 16% catalytic activity toward PAK1-KDK299R/D389N
substrate, respectively (data not shown). The observed docking
interactions between the basic residues in the activation loop of
monomer B and the acidic patch in the active site of monomer A
are also in agreement with previous experimental results that
mutation of either of the two acidic residues (Asp393 and
Glu456) completely prevents activation-loop autophosphoryla-
tion of full-length PAK1 (Zhu et al., 2005).
Apart from the interaction of the activation loop of monomer B
with the putative peptide-binding groove in monomer A, addi-
tional contacts within the dimerization interface occur through
helices aG and aEF in the C lobe of the kinase domains.
However, the relative translation of the monomers in the trans-
phosphorylation complex placed identical residues in distinctAll rights reserved
Figure 4. Structural Comparison of Phosphorylated PAK1-KDK299R and Unphosphorylated PAK1-KDK299R/D389N
(A–C) Close-up views of the activation loop, ATP-binding site, and P+1 pocket of PAK1-KDK299R. The kinase domain, bound ATP molecule, and Thr423 are
colored as in Figure 2, and residues involved in Thr423, ATP, and/or substrate binding are highlighted as pink sticks.
(D–F) Close-up views of the activation loop, ATP-binding site, and P+1 pocket for monomer A of PAK1-KDK299R/D389N dimer.
(G–I) Close-up views of the activation loop, ATP-binding site, and P+1 pocket for monomer B of PAK1-KDK299R/D389N dimer. In (H), the ATP molecule (cyan line)
modeled onto the active site causes a severe steric clash with Tyr346.
See also Figure S3.
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Structural Insights into PAK Autoactivationenvironments (Figure 5C). For instance, Leu470 in monomer A
makes contact with Leu473 and Ala477 in monomer B, whereas
Leu470 in monomer B makes contacts with Met424, Pro428,
Met431, and Leu473 in monomer A. The hypothesis that the
unphosphorylated PAK1-KDK299R/D389N dimer represents an
autophosphorylation complex predicts that there should be a
measurable change in the kinetics of phosphorylation when
dimerization-defective mutants are used as enzyme or sub-
strate. To test this, we generated a series of point mutations
on the ‘‘active’’ PAK1-KDK299R (enzyme) or on the double mutant
PAK1-KDK299R/D389N (substrate), and assessed their effects onStructure 19, 1752–17the efficiency of trans-phosphorylation. As shown in Fig-
ure 5D, all single-amino acid replacements in the hydrophobic
G helix interface of PAK1-KDK299R (enzyme) showed a de-
creased rate of phosphorylating PAK1-KDK299R/D389N substrate
in vitro, whereas mutation of Pro428 and Met431 of PAK1-
KDK299R/D389N (substrate) to charged residues has no significant
effect on the trans-phosphorylation rate by PAK1-KDK299R.
When the interface residues Leu470 and Leu473 on helix aG of
PAK1-KDK299R/D389N were individually replaced by a less
hydrophobic residue (Ala), the rate of trans-phosphorylation by
PAK1-KDK299R was reduced to approximately one-half. Mutant61, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1757
Figure 5. View of Dimerization Interface in PAK1-KDK299R/D389N Dimer
(A) Hydrogen-bond network involving the active site of monomer A and Thr423 of monomer B. The molecules are colored as in Figure 3, and critical residues
from monomer A and monomer B are highlighted in pink and cyan, respectively.
(B) Close-up view of substrate recognition site. The basic residues at the P-2 and P-3 positions of monomer B make multiple interactions with the substrate-
binding site of monomer A.
(C) van der Waals contacts at the helix aG interface.
(D) Functional consequence of point mutations on interface residues of helix aG and aEF. The effects of mutations on PAK1-KDK299R (indicated as ‘‘E’’) were
determined by using wild-type PAK1-KDK299R/D389N as substrate, whereas the phosphorylation reactions of PAK1-KDK299R/D389Nmutants (indicated as ‘‘S’’) were
measured by usingwild-type PAK1-KDK299R as enzyme. The phosphorylation degree of PAK1-KDK299R/D389N catalyzed by PAK1-KDK299R was normalized to 100.
Each data point is the average of at least three independent experiments and the results are displayed as the mean ± SEM.
See also Figure S4.
Structure
Structural Insights into PAK AutoactivationL470D, introducing a charged residue into the hydrophobic inter-
face, yielded a further decrease than the alanine mutants.
In contrast, mutations of A477L and V436Q in the ‘‘substrate’’
likely enhanced the side-chain contacts, and hence resulted in
a moderate increase of the trans-phosphorylation rate. These
data strongly suggested that, in addition to the important
enzyme-substrate recognition at the active site, the interactions
involving helices aEF and aG exert an auxiliary function in PAK1
trans-activation.
Most contact residues that mediate binding in the EF and G
helices are fairly conserved among the PAKs (Figure S4) but
not in other kinases such as PDK1, which have been shown to
phosphorylate PAK1 Thr423. In addition, the activation-segment
sequence in all PAK isoforms resembles that of its substrate1758 Structure 19, 1752–1761, December 7, 2011 ª2011 Elsevier Ltdconsensus, suggesting that PAK-family kinases utilize the
same mechanism for autoactivation. Recently, a similar asym-
metric dimer interface occurring through helix aG in the C lobe
of the kinase domain was observed in the structure of Mtb Pkn
D surrogate (Mieczkowski et al., 2008). Such functional conser-
vation in distant homologs suggests that asymmetric G helix
recognition may play an important role in trans-autophosphory-
lation of the activation loop in prokaryotic and eukaryotic Ser/Thr
protein kinase family members.
DISCUSSION
Protein kinase autoactivation, via phosphorylation of the
activation loop, is an important regulatory mechanism inAll rights reserved
Structure
Structural Insights into PAK Autoactivationphosphorylation-dependent signaling cascades. The autophos-
phorylation reactions can be intramolecular (in cis) or intermolec-
ular (in trans). Trans-autophosphorylation is achieved via two
distinct mechanisms: (1) by a conventional mechanism in which
an active kinase trans-phosphorylates an inactive kinase, and (2)
by activation-segment exchange in which two inactive mole-
cules dimerize and exchange activation segments between
adjacent kinase domains, for example, checkpoint kinase 2
and STE20-like kinase (Oliver et al., 2006, 2007; Pike et al.,
2008). In these structures, the activation loop-exchanged
complexes are generally two-fold symmetric, and structural fluc-
tuations would be required to reposition the target residue(s) into
the active site of the partner kinase for phosphoryl transfer. In
contrast, the ‘‘conventional’’ model for trans-autophosphoryla-
tion assumes that the activation segment within one kinase
molecule could transiently adopt an active conformation such
that the activation segment froma second kinasemolecule could
bind to the first and be phosphorylated in exactly the same
manner as one of its conventional substrates. There are abun-
dant structural data for protein kinases in which the activation
loop is either in the unphosphorylated, inactive state or the phos-
phorylated, active state (Adams, 2001; Nolen et al., 2004; Wu
et al., 2008). Therefore, the structure of unphosphorylated
PAK1-KD reported here represents a unique trans-autophos-
phorylation complex in which the two molecules conform differ-
ently to play their distinct roles respectively (Chen et al., 2008;
Wu et al., 2008). PAK1 is a member of a subfamily of kinases
that share high similarity in the catalytic domain with STE20.
However, the activation-segment sequence of PAK1 resembles
those of its substrate consensus. This raises the question of
whether the mechanism of PAK1 autophosphorylation is equiva-
lent to or distinct from that described for STE20-like kinase
(Oliver et al., 2007). In the present study, we show that the
unphosphorylated PAK1 kinase domain is able to dynamically
adopt both the active and inactive conformations, thereby
providing structural evidence for the conventional model.
Recently, Pirruccello et al., in their analysis of the crystal struc-
ture of PAK1-KDK299R, suggested that the crystallographic dimer
may represent a trans-autophosphorylation complex (Pirruccello
et al., 2006). Although both phosphorylated PAK1-KDK299R and
unphosphorylated PAK1-KDK299R/D389N form front-to-front
dimers primarily by hydrophobic contacts involving the G (and
EF) helices, the relative orientations of the two molecules with
their respective dimers are distinct (Figure S4). Unlike the asym-
metric dimer of PAK1-KDK299R/D389N, the two molecules in the
PAK1-KDK299R structure are related by a crystallographic two-
fold rotation axis that places the G helices in register, and the
activation loops of both molecules are oriented away from the
active site of the partner KD. The symmetric dimer interface of
PAK1-KDK299R in the crystal structure lies in a hydrophobic patch
formed by the side chains of Leu470, Leu473, and Val436, where
Leu470 of one molecule makes van der Waals contacts to
Leu473 and Val436 of the partner molecule. In contrast, the inter-
face of the PAK1-KDK299R/D389N dimer is asymmetric, and only
the hydrophobic pocket on monomer A is well formed. Owing
to themalformed P+1 pocket in monomer B,Met424, the residue
directly following the critical Thr423, moves approximately 10 A˚
and contacts Leu470 and Leu473 from its own G helix, thereby
presenting Thr423 to the active site of monomer A (Figure S4).Structure 19, 1752–17The notion of an asymmetric dimer interface is also consistent
with our results obtained by loss-of-function mutations. The
substitutions of Pro428 to Ser and Met431 to Arg in the
G helix interface of PAK1-KDK299R (enzyme) inhibited PAK1-
KDK299R/D389N substrate trans-phosphorylation, whereas the
samemutations of PAK1-KDK299R/D389N (substrate) did not affect
substrate phosphorylation by PAK1-KDK299R (Figure 5D). In
addition, replacement of Val436 in the substrate with Gln (corre-
sponding to Val415Gln on PAK2) slightly increased, but did not
reduce, the trans-phosphorylation rate, supporting our model
in which this site is not involved in the dimeric interaction
between substrate and enzyme. Moreover, as mentioned above,
we found that PAK1-KDK299R is in fact fully phosphorylated at
Thr423 in the activation loop. Thus, the proposed dimeric
complex of PAK1-KDK299R might represent a mode of enzyme-
product binding (the enzyme-product complex) but not the state
of the kinase prior to trans-autophosphorylation (the Michaelis
complex).
In summary, we demonstrate that the unphosphorylated PAK1
kinase domain is able to form a dimer in which one of the two
molecules adopts an active conformation and the other is inac-
tive. The asymmetry of the PAK1-KD dimer is consistent with
distinct roles for the two kinase molecules, thereby providing
structural evidence for the ‘‘conventional’’ model. Based on
NMR dynamics studies on nitrogen regulatory protein C,
Kern and colleagues suggested a mechanism by which the
phosphorylation of a signaling protein might shift a preexisting
structural equilibrium toward the active state (Volkman et al.,
2001). Recent advances in theoretical and experimental
methods have provided increasing evidence that under native-
state conditions, proteins have an intrinsic ability to sample
conformations that meet functional requirements, and that shifts
of preexisting equilibrium may be a fundamental paradigm of
ligand binding and covalent modification (Bahar et al., 2007;
James et al., 2003; Tzeng and Kalodimos, 2009; Wang, 1990).
Thus, it is likely that in solution the PAK1 kinase domain fluctu-
ates between multiple conformations, and the two functionally
distinct conformations in the ‘‘enzyme-substrate’’ dimeric com-
plex are snapshots that are locked by crystal contacts.EXPERIMENTAL PROCEDURES
Expression and Purification of Proteins
The kinase domain (residues 249–545) of human PAK1 was amplified by
standard PCR procedure from a gift of cDNA plasmid from Y.C. Tan and
inserted into pET21b vector by NdeI/XhoI sites with a C-terminal His6 tag.
Mutations were generated by an overlap PCR procedure and subjected to
DNA sequencing. PAK1-KDK299R was also subcloned into a modified PGEX-
4T-2 vector that produces an N-terminal GST-tagged protein with a PreSci-
ssion protease cleavage site. The catalytic subunit of protein phosphatase
1a (PP1a) was subcloned from cDNA provided by B. Roizman into pET-21b,
and purified as previously described (Zhang et al., 1992). All proteins, overex-
pressed in E. coli BL21(DE3) cells at 22C, were first purified over Ni-NTA
(QIAGEN) or glutathione-Separose (GE Healthcare) columns, and then by
ion-exchange chromatography (Source-15Q/15S; GE Healthcare) followed
by gel filtration chromatography (Superdex-200; GE Healthcare). Rat PAK1
cDNA, which was generously provided by M. Cobb, was subcloned into
pPHBac vector (derived from pFastBacHTB vector; Invitrogen). Full-length
His6-PAK1 was expressed in Sf9 cells and purified as described previously
(Rennefahrt et al., 2007). The purified His-PAK1 was an inactive enzyme,
which can be activated by autophosphorylation in the presence of the61, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1759
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Structural Insights into PAK Autoactivationconstitutively active Rho-family small G proteins Cdc42 or Rac (Wu andWang,
2003). Protein concentrations were determined spectrophotometrically using
theoretical molar extinction coefficients at 280 nm, following the method of
Gill and von Hippel (1989). The purified proteins were stored at 80C and
subjected to crystallization trials. Glycerol at a final concentration of 20%
(v/v) was added into protein stocks used for enzymatic assay.
Crystallization, Data Collection, and Processing
Crystals were grown by the vapor-diffusion technique in hanging drops, and
drops were prepared by mixing equal volumes of protein with reservoir
solution. Crystals of PAK1-KDK299R were grown with a reservoir solution con-
taining 25% PEG3350, 0.2 M Na/K tartrate, and 0.1 M NDSB256 (Hampton).
The complex with ATP was generated by soaking crystals in reservoir buffer
supplemented with 10 mMMgCl2 and 2 mM ATP for 6 hr before flash-cooling.
PAK1-KDK299R/D389N was mixed with 5 mM AMP-PNP and 10 mMMgCl2, and
crystals were then grown at 21C by mixing the protein complex with an equal
volume of reservoir solution containing 0.1 M HEPES (pH 7.5), 25% PEG3350,
and 0.2 M ammonium sulfate. Crystals were cryoprotected in reservoir
solutions supplemented with 20% ethylene glycol and flash-frozen under
a cold nitrogen stream at 100 K. The diffraction data sets were collected at
beamline BL17U at the Shanghai Synchrotron Radiation Facility and pro-
cessed with the HKL2000 package (Otwinowski and Minor, 1997). Structures
were solved by molecular replacement using Phaser (McCoy et al., 2007), with
PAK1 kinase domain (PDB ID code 1YHW) as the search model. Standard
refinement was performed with the programs PHENIX (Adams et al., 2002)
and Coot (Emsley and Cowtan, 2004). Data processing and refinement statis-
tics are summarized in Table 1. All structural representations in this paper were
prepared with PyMOL (http://www.pymol.org). The atomic coordinates and
structure factors have been deposited in the Protein Data Bank under ID
code 3Q52 for nucleotide-free PAK1-KDK299R, 3Q53 for ATP-bound PAK1-
KDK299R, and 3Q4Z for PAK1-KDK299R/D389N.
Enzymatic Assays for PAK
Kinase activity of wild-type PAK1 and PAK1-KDK299R was determined with
a synthetic peptide, PAKtide, derived from the activation loop of PAK1, as
a substrate using a coupled spectrophotometric assay (McClure, 1969;
Roskoski, 1983). PAKtide (TPEQSKRSTMVGTPY) was synthesized by
Zhongke Yaguang Inc., and characterized byMALDI-TOFmass spectrometry.
The standard assay for PAKwas carried out at 25C in a 1.6ml reactionmixture
containing 100 mM MOPS buffer (pH 7.4), 100 mM KCl, 20 mM MgCl2, 1 mM
ATP, 200 mM NADH, 1 mM phospho(enol)pyruvate, 20 U/ml lactate dehydro-
genase, 15 U/ml pyruvate kinase, and varying amounts of substrate peptide
and enzyme as indicated. Reactions were initiated by the addition of enzyme
to the reaction mixture. Progress of the reaction was monitored continuously
by following the formation of NAD+ at 340 nm on a PerkinElmer Lambda 45
spectrophotometer equipped with a magnetic stirrer in the cuvette holder.
Initial rates were determined from the linear slope of progress curves
obtained, and the experimental data were analyzed using a nonlinear regres-
sion analysis program. The concentrations of ADP formed in the PAK-cata-
lyzed reaction were determined using an extinction coefficient for NADH of
6,220 M1cm1 at 340 nm. The concentration of peptide was determined by
turnover with the activated PAK1 under conditions of limiting peptides. The
kinetic parameters were obtained by fitting the experimental data to the
Michaelis-Menten equation.
Dephosphorylation of PAK1-KDK299R by PP1a
The phosphorylation states of PAK1-KD mutants were assessed by western
blot analysis using an antibody against the phospho-Thr423 of PAK1 (2601;
Cell Signaling Technology). The dephosphorylation of the phosphorylated
PAK1-KDK299R was determined using a continuous spectrophotometric assay
(Killilea et al., 1998). This assay incorporates a coupled enzyme system that
uses purine nucleoside phosphorylase and its chromogenic substrate
7-methyl-6-thioguanosine (MESG) for the quantification of inorganic phos-
phate produced in the phosphatase reaction (Webb, 1992). All experiments
were carried out at 25C in 1.6 ml reaction mixtures containing 50 mM
MOPS (pH 7.0), 100 mM KCl, 2 mM MnCl2, 100 mM MESG, 0.1 mg/ml purine
nucleoside phosphorylase, and 1 mM PAK1-KDK299R. The reactions were initi-
ated by the addition of PP1a (100 nM). The time courses of absorbance change1760 Structure 19, 1752–1761, December 7, 2011 ª2011 Elsevier Ltdat 360 nm were recorded on a Lambda 45 PerkinElmer spectrophotometer.
The quantity of phosphate released was determined using an extinction coef-
ficient of 11,200 M1cm1 for the phosphate-dependent reaction at 360 nm at
pH 7.0 (Sergienko and Srivastava, 1994). The concentration of MESG was
determined at 331 nm, using amolar extinction coefficient of 32,000M1cm1.
Phosphorylation of PAK1-KDK299R/D389N by Active
GST-PAK1-KDK299R
His6-PAK1-KD
K299R/D389N (50 mM) was incubated with GST-PAK1-KDK299
(0.5 mM) at 25C in a buffer containing 100 mM MOPS buffer (pH 7.4),
100 mM KCl, 20 mM MgCl2, and 1 mM ATP. At indicated time intervals,
aliquots were removed from the reservoir and the reaction was terminated
by the addition of SDS-PAGE loading buffer. Samples were resolved by
SDS-PAGE and subjected to western blot analysis using a phospho-specific
anti-PAK1 pThr423 antibody.
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